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Introduction
Bradykinin, a biologically active peptide, is released by the breakdown
of a high molecular weight kininogen by kallikreins Altamura et al
(1999). Bradykinin is involved in plasma extravasation,
bronchoconstriction, nociception, vasodilation, and inflammation
Burch et al (1990). It mediates inflammation by causing vasodilation,
by increasing vascular permeability, and by stimulating the synthesis
of prostaglandins. Bradykinin causes pain by directly stimulating
primary sensory neurons and provoking the release of substance P,
neurokinin, and calcitonin gene-related peptide. Its
bronchoconstrictor effect has been linked to asthma and rhinitis. It
increases renal blood flow through vasodilation and causes
natriuresis by inhibiting sodium reabsorption. Bradykinin is
degraded by peptidases Regoli et al (1996).
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Abstract
Kinins [bradykinin (BK) and [Lys0]-BK] are the active peptides for the
kallikrein-kinin system (KKS) and they are potent endothelium-
dependent vasodilators that contribute to vasodilation and
hypotension in the systemic circulation. Kinins induce thirst in
mammals but inhibit drinking in teleosts. Kinins contract non-
vascular smooth muscle in the bronchus and gut, increase vascular
permeability, and are involved pain perception. In kidney, kinins
induce natriuresis and diuresis, which lead to decrease in blood
pressure. Kinins induce inflammatory responses via inducible B1 and
constitutive B2 receptors in injured tissues. Kinins are paracrine
hormones as they are rapidly degraded by various enzymes.
Angiotensin converting enzyme (ACE), also known as kininase II,
possesses a high affinity for BK for degradation. The hypotensive
effect of ACE inhibition is partly due to the delayed degradation of
BK.
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Bradykinin (BK) and Lys-BK are vasoactive peptides generated via the
cleavage of kininogen by the action of kallikrein proteases. Both have
a half-life of only seconds within the circulation, being rapidly
hydrolyzed to biologically active des-Arg kinin derivatives. BK and
Lys-BK cause the classical signs of inflammation – redness, local
heat, swelling, and pain – whereas their des-Arg derivatives induce
increased collagen synthesis, fibroblast proliferation, and cytokine
release from macrophages. The effects of these peptides are
mediated by two distinct G-coupled receptors. The kinin system has
been implicated in the pathophysiology of human airway
inflammation. Inhalation of BK by asthmatics results in chest
tightness, cough, and bronchoconstriction. Furthermore, increased
levels of BK and Lys-BK, their derivatives, and tissue kallikrein are
observed within the human airway following allergen provocation,
with levels of BK correlating with symptom severity. Respiratory viral
infections are also associated with increase levels of BK and Lys-BK
within the airway. Research has demonstrated that BK is intricately
involved in the pathogenesis of allergic airway inflammation and
respiratory viral infections; as such, therapeutic methods for
intervening in the activation of the kinin system may alleviate airway
inflammation and symptoms of respiratory infections.
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Bradykinin
Bradykinin is a vasoactive nonapeptide, and is very effectively
removed during passage through the lung and other vascular beds.
The half-life in blood is about 17s but less than 4s in various vascular
beds. Like angiotensin I, ACE is the enzyme responsible for
metabolism of bradykinin.

By its effects on bradykinin and angiotensin, ACE plays a crucial role
in controlling arterial blood pressure. Bradykinin, which promotes
blood vessel dilation and a lowering of blood pressure, is inactivated.
Conversely, angiotensin II production results in a host of events that
increase blood pressure such as renal sodium retention,
vasoconstriction and release of noradrenaline. Drugs that inhibit ACE
are now widely used in the treatment of cardiovascular disease.
However, this also decreases the degradation of bradykinin by ACE,
although other enzymes are capable of metabolizing bradykinin,
allowing ACE inhibitors to exert their hypotensive effects.
Angiotensin II itself passes through the lung unchanged, as do
vasopressin and oxytocin.
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24.4.15 Bradykinin
Bradykinin is one of the most established chemical nociceptive
stimuli and most physiologically relevant to tissue injury and pain.
The direct effects of bradykinin are mediated via two G-protein-
coupled receptors: B , which is highly inducible in states of
inflammation or injury,  and B , which is constitutively
expressed.  Evidence suggests a role for B  receptors in acute
inflammatory events, such as edema and inflammatory pain, whereas
B  receptors appear to be involved in chronic inflammatory
responses, including certain forms of persistent hyperalgesia.  This
suggests B  is a good target in normal conditions, whereas B  may
be a good target of interest in studies of altered afferent function in
visceral inflammation. Bradykinin has been shown to be an important
mediator of pain and irritation in skin, muscle, joints, vasculature,
and all visceral organs.  Bradykinin excites 55% of skin C-
fibers in rat,  71% of joint afferents in cat,  and 100% of cardiac
afferents in cat.  Almost 100% of guinea pig airway vagal afferents
responded to bradykinin, with the exception of fast-conducting fibers
with cell bodies in the nodose ganglion, which were unresponsive.
In the gastrointestinal tract, bradykinin powerfully activates all
mesenteric spinal afferents tested via B  receptors in an in vitro rat
jejunum preparation.  Some of these effects are also mediated
via bradykinin-induced release of prostaglandins,  which may
also potentiate bradykinin responses.  In the cat colon, bradykinin
evokes a response in 67% of LSN afferents recorded in vivo,  while a
study of 9 pelvic distension-sensitive colonic afferents in rats in vivo
showed that 77% of them responded to bradykinin.  In mouse
colon, bradykinin-evoked responses in 66% of serosal afferents,  an
effect that was mediated via B  receptors, and responses to probing
were potentiated after bradykinin. In this study, another group of
bradykinin-responsive LSN afferents were mechanically insensitive.
Fewer (11%) mouse PN serosal afferents responded to bradykinin,
and no mechanically insensitive PN afferents were recruited by
bradykinin. This suggests differences in the way each pathway signals
bradykinin activation and reveals a chemo-specific population of
afferents. Interestingly, B , but not B , receptor protein is
significantly increased in the intestines of both active ulcerative colitis
and Crohn’s disease patients compared with controls,  but the
relationship of this to symptoms is not known.

Recently it has been demonstrated that bradykinin activation of
afferent fibers may have numerous downstream effects, including the
production of 12-lipoxygenase metabolites of arachidonic acid, which
activates TRPV1  and is directly involved in mechanical, thermal,
and pH sensitivity.  A similar mechanism is responsible for
bradykinin activation of the mechano- and thermo-sensitive channel
TRPA1.
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Bradykinin
Bradykinin is the major functional vasodilator produced by the
kallikrein-kinin system. Bradykinin exerts its effects via B  and B
receptors.  Under physiologic conditions, most of the effects of
bradykinin are mediated by the B  receptor. NO may, in part,
mediate the vasodilation of bradykinin.  Kallikreins are
proteinases that liberate vasoactive kinins from the protein precursor
kininogen. The bradykinin-synthesizing enzyme, kininase II, is
identical to angiotensin-converting enzyme, which produces
angiotensin II. Although bradykinin may play a role in renal
morphogenesis,  the role of this vasodilator in the renal
hemodynamics is less certain. Several studies indirectly suggest that
bradykinin may participate in the maturational increase in renal
blood flow. Urinary kallikrein excretion corrected for either renal
mass or glomerular filtration rate increases with maturation.
Kininase II mRNA and enzymatic activity are low in newborn rat
kidney and peak at 2 to 3 weeks of age.  However, studies have
failed to demonstrate a significant role for bradykinin in immature
renal hemodynamics. Newborn and 6-week-old lambs failed to show
any renal hemodynamic response to acute intrarenal injection of a
selective kinin B  antagonist.  Long-term administration of the
same B  antagonist to neonatal rats from birth to 3 weeks did not
alter the maturational increase in renal blood flow.  The possibility
remains, however, that bradykinin opposes the basal vasoconstriction
of angiotensin II in the immature rat kidney.
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Processing of the Precursor
Bradykinin and kallidin are released from kininogens predominantly
by the action of the serine proteases plasma kallikrein and tissue
kallikrein. Plasma kallikrein is initially secreted as the inactive
prekallikrein, and tissue kallikrein is initially secreted as inactive
prokallikrein. Both plasma prekallikrein and tissue prokallikrein are
activated by serine protease activity. Although a single gene codes for
plasma prekallikrein, there is a large family of tissue prokallikrein
genes that code for tissue-kallikrein-like serine proteases. In humans,
Klk1 codes for true tissue kallikrein, the only member of the tissue-
kallikrein-like family of serine proteases known to generate kinin
peptides.  However, in rats, true tissue kallikrein is referred to as
Klk1b3, although Lundwall et al. recommended that this sequence be
given the gene symbol Klk1.

In humans, plasma kallikrein forms bradykinin from HMWK, whereas
tissue kallikrein forms kallidin from HMWK and LMWK (Figs 2 and
3). By contrast, both plasma and tissue kallikrein generate bradykinin
in rodents.  In humans, a proportion of kininogens are
hydroxylated on Pro  of the bradykinin sequence, leading to the
formation of hydroxylated kinin peptides (Hyp -bradykinin and Hyp -
kallidin). Hydroxylated kinins have biological activities that are similar
to those of nonhydroxylated kinins.
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FIGURE 2. Overview of the kallikrein–kinin system in humans. LMWK, low-molecular-weight kininogen; HMWK, high-
molecular-weight kininogen; Hyp, hydroxyproline. A proportion of kininogen is hydroxylated on the third amino acid (Hyp ) of
the bradykinin sequence of the precursor. Thus, bradykinin peptides may be nonhydroxylated [BK-(1-9)] or hydroxylated
[Hyp -BK-(1-9)]. Kallidin is Lys -bradykinin and may also be either non-hydroxylated [KBK-(1-9)] or hydroxylated [Hyp -KBK-
(1-9)]. Similarly, the carboxypeptidase metabolites des-Arg -BK-(1-9) and des-Arg -KBK-(1-9) may also be either non-
hydroxylated [BK-(1-8), KBK-(1-8)] or hydroxylated [Hyp -BK-(1-8), Hyp -KBK-(1-8)].
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FIGURE 3. Amino acid sequences of the agonists of the type 1 (B ) and type 2 (B ) bradykinin receptors. Hyp, hydroxyproline.
Bradykinin [BK-(1-9)] and kallidin [Lys -bradykinin, KBK-(1-9)] are excised from the interior of the kininogen molecules. Tissue
kallikrein cleaves both HMWK and LMWK between Met  and Lys  (the same numbering for human HMWK and LMWK
precursors) to produce the amino-terminus and between Arg  and Ser  to produce the carboxy-terminus of kallidin.
Plasma kallikrein cleaves HMWK between Lys  and Arg  to produce the amino-terminus and between Arg  and Ser  to
produce the carboxy-terminus of bradykinin.

Alternative pathways of kinin formation involving enzymes other than
kallikreins may operate in disease states.  Although LMWK is a poor
substrate for plasma kallikrein, cleavage by neutrophil elastase
renders it much more susceptible to cleavage by plasma kallikrein to
release bradykinin. Moreover, the combination of mast cell tryptase
and neutrophil elastase releases bradykinin from oxidized kininogens
that are resistant to cleavage by kallikreins.

Kinin production in vivo is controlled partly by endogenous inhibitors
of the kallikrein enzymes. The main inhibitors of plasma kallikrein are
C1 esterase inhibitor, α -macroglobulin, and antithrombin III.  An
important inhibitor of tissue kallikrein is kallistatin, although there is
continuing uncertainty about the function of kallistatin in vivo.

Kinin peptide metabolism is an important determinant of kinin levels
in blood and tissue. Many different peptidases participate in the
conversion of bradykinin and kallidin to alternative bioactive peptides
and their degradation (Fig. 4). Aminopeptidase-mediated cleavage of
kallidin generates bradykinin. Carboxypeptidase (kininase I)-mediated
cleavage converts bradykinin and kallidin, which are more potent on
the type 2 (B ) bradykinin receptor, to des-Arg -bradykinin and des-
Arg -kallidin, respectively, which are also bioactive and more potent
on the type 1 (B ) receptor (Fig. 2).  Thus, there are 8 bioactive kinin
peptides in humans, hydroxylated and nonhydroxylated bradykinin
and kallidin peptides, and their carboxypeptidase metabolites (Fig. 3).
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FIGURE 4. Metabolism of bradykinin. Carboxypeptidase N is known as kininase I and angiotensin-converting enzyme is also
known as kininase II. Carboxypeptidases M and N produce sequential cleavage of amino acids from the carboxy-terminus of
the peptide. Aminopeptidase P produces sequential cleavage of amino acids from the amino-terminus of the peptide.
Angiotensin-converting enzyme is a carboxy dipeptidase that produces sequential cleavage of dipeptides from the carboxy-
terminus of the peptide. Dipeptidyl peptidase IV cleaves des-Arg -bradykinin.

Angiotensin-converting enzyme (ACE) plays an important role in
bradykinin metabolism, producing bradykinin-(1-5) [BK-(1-5)], the
most abundant bradykinin metabolite,  by sequential cleavage of
dipeptides from the carboxy-terminus of bradykinin. Other
peptidases play a greater role in kinin peptide metabolism during
ACE inhibition.
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e Bradykinin
The presence of the nonapeptide bradykinin in neurons of the CNS
was demonstrated by immunohistochemistry (Correa et al., 1979).

Bradykinin-immunoreactive perikarya occur in the diencephalon: in
the dorsolateral hypothalamus (posterior, dorsomedial,
periventricular and perifornical nuclei and lateral hypothalamic area)
and the zona incerta, and cells are scattered in the thalamus.

Bradykinin-containing fibers are mainly located in the close vicinity
of cells forming two relatively dense networks: one dorsal to the third
ventricle and the other in the lateral hypothalamus. Bradykinin fibers
were also seen in the preoptic area, nucleus tractus diagonalis,
ventral striatum, cerebral cortex (pyriform, suprarhinal, cingulate,
frontal) and the midbrain central gray. No bradykinin fibers were
reported in the lower brainstem or spinal cord (Corrêa et al., 1979).
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Kinin receptors in bone cells
BK, Lys-BK, and Met-Lys-BK have been demonstrated to stimulate
bone resorption in mouse calvariae, indicating the presence of B2
receptors (Gustafson et al., 1986; Lerner et al., 1987; Ljunggren and
Lerner, 1988). This view is further supported by the fact that the B1
receptor antagonist des-Arg -[Leu ]-BK does not affect the bone-
resorptive effect of BK (Lerner et al., 1987), an observation that also
suggests that the effect of BK is not due to the conversion of BK by
kininase-I to the B1 receptor agonist des-Arg -BK.

Pretreatment of BK with kininase-I does not affect BK-induced bone
resorption, whereas the effect of PTH is reduced significantly (Lerner
et al., 1987). This observation suggests that des-Arg -BK, a B1
receptor agonist, may be able stimulate bone resorption. In
agreement with this view, it has been shown that the addition of des-
Arg -BK to mouse calvarial bones results in enhanced release of Ca
(Lerner et al., 1987; Ljunggren and Lerner, 1990), an effect that is
inhibited by the B1 receptor antagonist des-Arg -[Leu ]-BK
(Ljunggren and Lerner, 1990), indicating that bone cells are also
equipped with B1 receptors. The effect of des-Arg -BK is abolished by
indomethacin, flurbiprofen, and hydrocortisone. In addition,
prostanoid biosynthesis in mouse calvarial bones is stimulated by
des-Arg -BK in 72-hour cultures, but, in contrast to BK, no
prostaglandin response is seen in bones incubated for 30 minutes
with des-Arg -BK.

Using the burst of PGE  and 6-keto-PGF  biosynthesis in primary
mouse calvarial osteoblasts and in the osteoblastic cell line MC3T3-
E1 as parameters, the following rank order potency for different
agonist has been shown: BK=Lys-BK>Met-Lys-BK>>>>des-Arg -BK,
demonstrating the presence of B2 receptors on these osteoblasts
(Ljunggren et al., 1991a). The fact that D-Arg -[Hyp , Thi , D-Phe ]-
BK, but not des-Arg -[Leu ]-BK, inhibits the initial rise of
prostaglandins induced by BK further supports the presence of B2,
and not B1, receptors on mouse osteoblasts. It has been shown that
the human osteosarcoma cell line MG-63 shows a prostanoid burst
in response to a wide variety of natural kinins and kinin analog with
affinity to BK B2 receptors. The effect of BK in these cells is inhibited
by B2 receptor antagonists, but not by B1 receptor antagonists
(Brechter and Lerner, 2002). These observations and the finding that
[Hyp ]-BK is a weak agonist and T-kinin is a potent agonist further
indicate that osteoblasts are equipped with B2 receptors linked to a
burst of prostaglandin biosynthesis. This view is also compatible with
the observations that BK and D-Arg -[Hyp , Thi , D-Phe ]-BK, but
not des-Arg -BK, compete with the binding of [ H]BK to osteoblasts
(Ljunggren et al., 1991a). Leis et al. (1997) have demonstrated that
responsiveness to BK, specific binding of [ H]BK, and mRNA
expression of BK B2 receptors in subclones of the murine
osteoblastic cell line MC3T3-E1 are highest in clones with low
alkaline phosphatase activity, indicating that it is mainly osteoblasts
at early stages of differentiation that are responsive to BK. This
observation is in agreement with findings by Lerner et al. (1989)
demonstrating that the more confluent mouse calvarial osteoblasts
are in cell cultures, the less is the BK responsiveness. Using BK-
sensitive MC3T3-E1 cells, it has been shown that these cells express a
single category of binding sites for [ H]BK (Windischhofer and Leis,
1997). Radioligand-binding assays in MG-63 cells, using [ H]BK as
ligand, have demonstrated specific binding sites that can be
competed for by B2 receptor agonists and antagonists. The rank
order potency for kinin-induced stimulation of prostaglandin
formation and radioligand-binding studies strongly indicate the
constitutive expression of B2 receptors in MG-63 cells, a conclusion
further supported by RT-PCR analysis showing mRNA expression of
B2 receptors (Brechter and Lerner, 2002).

The acute rise of prostaglandin production in osteoblasts in response
to BK is preceded by an accumulation of inositol phosphates, a
transient increase of intracellular calcium, and an activation of
protein kinase C (Ljunggren et al., 1991b, 1993; Leis et al., 1997). The
initial, transient rise of intracellular calcium and the sustained influx
of extracellular calcium seem to be regulated by different protein
kinase C isoenzymes (Sakai et al., 1992). By studying BK-induced
release of arachidonic acid from MC3T3-E1 cells, evidence shows that
BK receptors are linked to G proteins (Yanaga et al., 1991), well in
agreement with cloning data. These findings suggest that activation
of BK receptors leads to a phospholipase C-mediated breakdown of
phosphatidylinositol 4,5-bisphosphate with subsequent formation of
the two putative second messengers: inostiol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG).

In agreement with the observation in mouse calvarial bones,
treatment of primary mouse calvarial osteoblasts with des-Arg -BK
results in a delayed enhancement of PGE  formation that can be
observed at and after 24 hours (Ljunggren and Lerner, 1990). The
effect of des-Arg -BK is inhibited by des-Arg -[Leu ]-BK, indicating
that des-Arg -BK exerts its effect via B1 receptors. Similar
observations have been made in MG-63 cells using des-Arg -BK,
des-Arg -Lys-BK, [Tyr-Gly-Lys-Aca-Lys]-des-Arg -BK, and Sar[D-
Phe8]-des-Arg -BK as agonists. Stimulation caused by these B1
receptor agonists is inhibited by a variety of B1 receptor antagonists,
but not by B2 receptor antagonists. In addition, MG-63 cells display
specific binding sites using [ H]-des-Arg -Lys-BK as ligand and
mRNA expression of human B1 receptors (Brechter and Lerner,
2002). The delay in the action of B1 receptor agonists (as compared
to B2 receptor agonists) could be due to different postreceptor
signal-transducing mechanisms (indicated by findings that des-Arg -
BK does not stimulate IP3 formation, intracellular calcium, and
translocation of protein kinase C) or differences in the mechanism by
which prostaglandin biosynthesis is stimulated.

Kinin receptor expression is regulated during inflammation and
recently we have found that B1 and B2 receptors are increased when
the human osteoblastic cell line MG-63 or intact mouse calvarial
bone are stimulated by either IL-1β or TNF-α, with a larger
enhancement observed for B1 receptors (Brechter et al., 2008). This
response is most likely due to increased gene transcription because
mRNA steady-state levels for both B1 and B2 mRNA were increased
with no effects by IL-1β on the stability of the transcripts.
Electrophoretic mobility shift assay (EMSA) analysis using
oligonucleotides specific for different responsive elements in the B1
promoter showed that IL-1β and TNF-α activated both NF-κB and
AP-1 in the MG-63 cells and by the use of pharmacological inhibitors
we found that NF-κB activity and MAP-kinases are important for the
stimulatory effect of IL-1β and TNF-α on both B1 and B2 kinin
receptors. Interestingly, TNF-α activated NF-κB via the canonical
pathway (p50/p65) whereas IL-1β activated NF-κB via a non-
canonical pathway (p52/p65). Differences were also seen for the
activation of AP-1 with c-Jun involved for both cytokines but c-Fos
only for TNF-α. The stimulatory effect on kinin receptors by IL-1β
and TNF-α was not shared with other osteotropic cytokines including
IL-6, IL-11, IL-17, leukemia inhibitory factor (LIF), or oncostatin M
(OSM).
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2.2 Bradykinin B2 receptors in spinal cord injury
Bradykinin is implicated in spinal network, neuropathic pain,
rhizotomy, inflammatory hyperalgesia and neuroinflammation in the
spinal cord (Bannister et al., 2014; Ma et al., 2019; Mandadi et al.,
2016; Pan et al., 2001; Sharma, 2000; Xu et al., 2008; Yan-Feng et al.,
2008). Very few report deal with bradykinin in spinal cord injury (Pan
et al., 2001; Sharma, 2000). There are reports of significant elevation
of bradykinin after experimental spinal cord injury (see Pan et al.,
2001). Also interaction of bradykinin with aquaporin4 in spinal cord
ischemic injury to the cord was described. (Xu et al., 2008) We
reported reduction in BSCB breakdown by B2 receptor antagonist
HPE-140 in cord injury indicating involvement of bradykinin in SCI
(see Sharma, 2000). However, detailed investigations on bradykinin
involvement in SCI require further investigations. With view of
bradykinin interacting with dynorphin and nitric oxide in the CNS it
is important to understand the modulating roles of bradykinin in SCI
that upregulated both nitric oxide and dynorphin after trauma (see
Bannister et al., 2014; Sharma, Nyberg, Gordh, et al., 1998; Sharma,
Nyberg, & Olsson, 1992; Sharma, Olsson, & Nyberg, 1995; Sharma et
al., 1996; Stålberg et al., 1998; Winkler, Sharma, Stålberg, &
Westman, 1998).
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